Hybrid striped bass is a major aquaculture species in the United States. Artificial breeding of this species can introduce large variation in growth during production to market size. To assess the genetic and nutrigenomic basis behind growth variability in these hybrids, fingerlings (n = 5072) from 47 families were size-matched and communally grown in earthen ponds for 115 days. Families were then ranked by weight gain and individuals from the three fastest growing (mean 240.8 ± 9.75 g; 242.0 ± 11.52 mm) and three slowest growing families (mean 153.5 ± 52.38 g; 223.3 ± 21.31 mm) were collected for liver RNA sequencing. As expected, growth characteristics in hybrid striped bass are highly heritable (p < 0.0001). Through differential gene expression analysis we identified 86 genes that were responsive between groups including 40 up-regulated (1.89 < foldchange < 7.66) and 46 down-regulated (−1.71 > fold-change > −4.59) genes in the largest fish. This included two somatic growth-related genes, growth factor receptor gene and a gene encoding an insulin-like growth factor binding protein, that may directly explain some of the genetic variation between families. Several additional genes involved in metabolic pathways such as glycolysis/gluconeogenesis and lipid Research Center is to improve the efficiency and sustainability of the United States hybrid striped bass aquaculture industry. We accomplish this mission through: (a) the genetic improvement of its parental species, the white bass and striped bass; (b) development of molecular genetic resources; (c) testing of cost-effective feed ingredients and dietary formulations, (d) testing and development of novel disease therapeutants and vaccines; and (e) testing production strategies in alternative rearing environments. In collaboration with Auburn University School of Fisheries, Aquaculture and Aquatic Sciences and the US Department of Agriculture, Agricultural Research Service Aquatic Animal Health Research Unit, these groups have developed and researched the genetics, physiology, and disease response of hybrid striped bass in multiple production scenarios and developed genetic resources for use in selective breeding. Molecular genetics and physiology is a strong theme shared among these collaborators.
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PUBLIC INTEREST STATEMENT
Aquaculture -the breeding, rearing, and harvesting of animals and plants in all types of water environments -is one of the most resource-efficient ways to produce protein and has improved nutrition and food security. Globally, aquaculture supplies more that 50 percent of all seafood produced for human consumption, and that percentage will continue to rise. The United States is a minor aquaculture producer, on a global scale, but is the leading global importer of fish and fishery products. By value, over 90 percent of the seafood we eat comes from abroad, half of it from aquaculture, with an annual seafood trade deficit of $14 billion. To reduce this deficit, researchers need to conduct high quality, relevant, fundamental, and applied aquaculture research, and to transfer that technology to enhance the productivity and efficiency of US producers. One critical component to this process is through the evaluation of domesticated fish via quantitative and molecular means. This research was a first stage in that process.
Introduction
Hybrid striped bass (HSB; "sunshine"; Morone chrysops × M. saxatilis), created by artificial crosses of white bass (WB; M. chrysops) and striped bass (SB; M. saxatilis) are a major commodity in US aquaculture production (Hallerman, 1994) . As a high value finfish, HSB are typically sold whole and thus weight at harvest can significantly impact economic gain. In HSB culture, the major breeders utilize wild parental bass in their breeding programs and thus selection programs for growth characteristics remain in their infancy (Garber & Sullivan, 2006) . This uncontrolled breeding schema can and often does lead to great variability in HSB size at harvest, even when fish are size-matched at stocking. For instance, in a study of growth characteristics among Morone crosses communally reared in 0.10 ha earthen ponds for over a year, a wide range of sizes occurred from 268 g to over 1 kg (mean 634 ± 6 g), even though the HSB were tightly graded at the beginning of the experiment (19.8 ± 0.4 g) (McEntire, Snyder, & Freeman, 2015) . We set out to better understand the genetic basis behind this variation by determining whether gene expression changes could be detected between the largest and smallest HSB in a population. Using a global gene expression approach by RNA sequencing of liver, a major metabolic tissue, and de novo assembly of a transcriptome, genes that may contribute at least in part to the variation in somatic growth during HSB culture could be detected. We hypothesized that any observed changes would be related to genes involving growth factors which predominate the liver such as insulin-like growth factor (IGF) along with energy production pathways.
Methods
Reciprocal cross HSB (♀ white bass × ♂ striped bass) were created by random-matings from F 8 domesticated WB and F 4 domesticated SB originally from North Carolina State University (Garber, 2006; Garber & Sullivan, 2006) , utilizing a series of 2 × 2 diallel crosses from 25 contributing females and 30 contributing males, resulting in 47 families (46 dam half-sib, 30 sire half-sib, and 24 full-sib families) and reared in replicate 35-L fiberglass tanks at approximately 40 fry·L −1 according to Fuller, McEntire, and Freeman (2013) . Fingerlings were then grown until 25.0 ± 0.41 g, 105 days post hatch in 280-L fiberglass tanks with flow-through well water and continuous aeration at which time 128 fingerlings from each family were tagged intramuscularly with a passive integrated transponder (PIT) tag for individual identification according to the methods of . Fingerlings were monitored for one week for PIT tag retention, and initial total length and weight were recorded. Fingerlings were assigned randomly to one of four earthen 0.04 hectare ponds (32 fi ngerlings·family ; 1268 fingerlings per pond) at 121 dph supplied with 3/4-hp aerators (Little John Inc) set to run 24 h per day. Ponds were fed to apparent satiation twice per day with a standard high fish protein commercial diet (Cargill Animal Nutrition; 45% crude protein, 12% crude fat) for 115 d, with the amount of food that each pond was fed not differing over the study period (p > 0.05).
At the end of the communal rearing period, each pond was seined, fingerlings were individually identified and measured for growth characteristics, where mean weight was 235.3 ± 17.8 g and mean length was 192.1 ± 48.7 mm with a mean survival of 90.7 ± 0.05% (range 87.8-97.5%). Statistically significant differences (p < 0.05) in sire and dam components of variance were then determined by analysis of variance using PROC GLM, and least square mean total length and weight, with initial total length and initial weight as covariates, was determined by analysis of covariance using PROC MIXED in SAS ver. 9.2 (SAS Institute). Genetic correlations for each trait were based on sire and dam (co)variance components obtained using PROC MIXED, and standard errors were calculated using PROC IML in SAS ver. 9.2 (Xiang & Li, 2001) . Pairwise phenotypic correlations among traits were estimated via Pearson's product-moment correlation coefficient using PROC CORR in SAS ver. 9.2. We found significant dam and sire effects on least square weight (LS-weight) and least square total length (LS-length) (p < 0.0001), and dam × sire interaction (p < 0.0001) for both traits. Estimates of heritability were high for both traits. Values for LS-weight and LS-length were 0.33 ± 0.02 and 0.75 ± 0.02, respectively, for dams, and 0.83 ± 0.09 and 0.56 ± 0.04, respectively, for sires. Genetic correlation between LS-weight and LS-length based on the dam and sire components of variance were 0.92 and 0.95, respectively; the phenotypic correlation was 0.88.
After inspection of all HSB, families were ranked by weight gain and six individuals from the three fastest growing families (mean 240.8 ± 9.75 g; 229.2 to 241.9 g range; 242.0 ± 11.52 mm) and six individuals from the three slowest growing families (mean 153.5 ± 52.38 g; 105.1 to 140.2 g range; 223.3 ± 21.31 mm) were collected and euthanized. Liver tissue was harvested from each individual and total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). Equimolar amounts of total RNA were pooled in multiples of six to create three biological replicate pools for the largest HSB and smallest HSB. The six RNA pools were sent to a commercial service provider (Data2Bio, Ames, IA, USA) for library construction and high-throughput sequencing, using the TruSeq RNA Sample Preparation Kit (Illumina) and 100-bp, paired-end RNA sequencing (RNAseq) on an Illumina HiSeq2000.
The bioinformatics workflow for the RNAseq data is illustrated in Figure 1 . Raw sequencing reads from each sample were processed for quality control (QC) using the TrimGalore! software with the default parameters. Since genomic and transcriptomic information on HSB is lacking, a de novo transcriptome was built by the Trinity (Grabherr et al., 2011) software using all QC reads. Transcripts were subjected to a preliminary functional characterization using Trinotate (Haas et al., 2013) , where those with a significant (1e ) BLASTx hit to the UniProt database were selected. These transcripts with putative protein-coding ability were then analyzed by CD-HIT (Fu, Niu, Zhu, Wu, & Li, 2012) to help remove redundancy in the transcriptome by collapsing similar sequences. Clustering was performed from 85 to 100% identity, in increments of 1%. Each set of contigs were analyzed with BUSCO (Simao, Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015) to help determine completeness of the protein-coding transcriptome by comparing gene content from orthologs in the "actinopterygii_ odb9" subset of the OrthoDB v9 database. Based on these analyses, we selected 90% clustering, a level at which transcript redundancy was best reduced without a reduction in gene diversity. The workflow to this point ( Figure 1 ) produced 38,047 putative protein-coding transcripts (herein HSB transcriptome) in which to align our reads for gene expression analysis. Raw RNAseq data sets along with HSB transcriptome sequences and normalized expression counts from which conclusions were drawn have been submitted to the NCBI Gene Expression Omnibus (GEO) and can be retrieved under the accession number GSE97547.
Results and discussion
After construction of a reference HSB transcriptome, QC data were aligned to the reference using bowtie2 (Langmead & Salzberg, 2012) and then effective read counts were assigned using eXpress (Roberts & Pachter, 2013) software (Figure 1 ). Using this read count information, statistical comparisons between groups (low growing HSB vs. high growing HSB) were performed using the DESeq2 (Love, Huber, & Anders, 2014) package of R-bioconductor. Significant (padj < 0.05; p-value adjusting for multiple testing) differentially expressed genes (DEGs) between low and high growth HSB were collected and identified by BLASTx searches (1e −3 ) to the non-redundant (nr) protein database at the NCBI. After manual screening for duplicates, unknown and uncharacterized proteins as well as genes with low mapping rates (median FPKM < 1) for highest confidence of expression (Yendrek, Ainsworth, & Thimmapuram, 2012) , we identified 86 DEGs between groups (Table 1) . This included 40 up-regulated (1.89 < fold-change < 7.66) and 46 down-regulated (−1.71 > fold-change > −4.59) genes in large HSB, as we are using small HSB as the baseline for comparison.
Upon initial inspection, somatic growth-related genes were identified from our candidate gene list ( Table 1 ) that may directly explain some of the genetic differences observed between the largest and smallest HSB families. A growth factor receptor gene was expressed greater than two-fold higher in the largest HSB. Endocrine control of growth in fish is regulated primarily through the growth hormone (GH)/insulin-like growth factor (IGF) axis (Wood, Duan, & Bern, 2005 ). An increase in hepatic expression of growth hormone receptors has be shown to signal IGF-1 production and somatic growth in carnivorous fish (Norbeck, Kittilson, & Sheridan, 2007; Picha et al., 2009; Picha, Turano, Tipsmark, & Borski, 2008; Won & Borski, 2013) . Further, the gene for insulin-like growth factor binding protein 2a was highly down-regulated in the largest HSB. Insulin growth factor binding proteins are reported to bind to insulin-like growth factors thus preventing binding between IGFs and their associated receptors, which inhibits the activities of IGFs (Chauvigné, Gabillard, Weil, & Rescan, 2003; Clemmons, 2001; Li et al., 2009; Picha et al., 2014) . Activity of ILGFBP2a as a growth inhibitory protein dependent upon nutritional status appears to be conserved, as observed from fish to mammals (Duan, Ding, Li, Tsai, & Pozios, 1999; Kang et al., 2015) . Growth factor binding proteins have also been indicated in the nutritional status of carp, where up-regulation was observed in fish under fasting conditions (He et al., 2015) . Thus, up-regulated ILGFBP2a in the smallest HSB as observed in this study may also be a contributing factor for their decreased weight.
DEGs were separated by regulation (+ or −) and functionally categorized by gene ontology (GO) using the Blast2GO (Gotz et al., 2008) software. This classified genes based on the major GO categories of cellular component (CC), molecular function (MF) and biological processes (BP). For the positively regulated DEGs, all three GO categories are represented, with metabolic processes being the top represented (Figure 2 ). Cellular processes, catalytic activity, binding, and cell membrane terms are also among the most represented in the positively regulated DEGs (Figure 2 ). For the negatively regulated DEGs, again all three GO categories are represented and as well the most-represented terms are similar to the down-regulated DEGs but the top represented category by number of sequences is single-organism processes (Figure 3 ).
As GO was similar for both up and down-regulated DEGs, and as positive and negative perturbation of a biological pathway can and often does occur in concert, we were interested in a systems approach where all 86 DEGs (Table 1) were grouped for enrichment analysis. For this analysis, first BLASTx searches (1e −3 ) to the nr database were performed on the complete HSB transcriptome. These data were supplied to the Blast2GO software, where the transcriptome was functionally characterized with gene ontology, protein structure, enzyme commission and gene pathway information. Blast2GO was then used to perform functional enrichment analysis comparing all DEGs ( Table Table 1 Assessment of both DEGs and GO terms indicated that differences in hepatic gene expression between large and small HSB after grow-out in a communal pond are linked to those genes involved in cellular and metabolic processes as well as immunity. There also appears to be a relationship of metabolic or nutritional status between HSB extremes and our DEG list and GO terms. For instance, in terms of the cellular and metabolic processes GO, the bifunctional enzyme 6PF-2K/F-2,6BPase is a key regulator of glycolysis/gluconeogenesis in the liver and is highly differentially regulated in this study (Table  1 ). This gene is in fact the largest by magnitude of our DEGs, displaying greater than a seven-fold upregulation in the largest HSB (Table 1 ). This gene produces fructose 2,6-bisphosphate and was found in rainbow trout to be highly correlated with the nutritional status of the fish, where feeding induced expression (Panserat, Plagnes-Juan, & Kaushik, 2001) . There is also evidence that hepatic 6PF-2K/F-2,6BPase is regulated by diet composition and ration size in another carnivorous fish, the gilthead sea bream, Sparus aurata (Meton, Caseras, Fernandez, & Baanante, 2000) . Hepatic glucose-6-phosphatase (G6Pase), whose gene expression is hormonally and nutritionally regulated, is a positive DEG in small HSB (Table 1) . Even though carnivorous finfish utilize carbohydrates differently than their mammalian counterparts (Metón, Fernández, & Baanante, 2003; Panserat et al., 2001) , G6Pase was identified across the spectrum of playing an important role in providing glucose during starvation (van Notes: The X-axis shows the number of sequences (#Seqs) from which that particular GO term was identified while the Y-axis shows the GO (level 2) terms.Notes: The separate sections of the graph indicate the three major GO categories: cellular component (CC); molecular function (MF); biological process (BP). Schaftingen & Gerin, 2002) . Reports in carnivorous fish showed that long-term starvation and energy restriction increase hepatic G6Pase activity (Caseras et al., 2002; Salgado, Meton, Egea, & Baanante, 2004) . Similarly, He et al. (2015) found that the most significant down-regulated genes involved glucose and fatty acid metabolism in starved carp. Growth hormone receptor type 1 genes also show reduced expression in fasted carnivorous fish (Norbeck et al., 2007) . As immune response GO (Table 2) was also indicated in our DEG list (Table 1) , it is well-established that there is a significant interplay between nutritional status and proper immune functioning in fish [reviewed in (Martin & Krol, 2017) ].
Taken together, our candidate gene list may provide some evidence that both physiological and behavioral factors may be at work with regards to HSB growth when communally reared. That is, evidence from this study may have revealed that larger HSB could also be more efficient feeders than their smallest counterparts. This is demonstrated by the fact that several DEGs in this study are similar to those that would be revealed in finfish life-cycle and/or aquaculture studies where nutrition is restricted, such as those involving no/limited access to food during migration, while undergoing a period of fasting, or during diet replacement trials (e.g. Picha et al., 2014 Picha et al., , 2009 Picha et al., , 2008 . This notion should supplement the original hypothesis that within these domesticated populations certain HSB have a genetic predisposition to processing a manufactured diet more efficiently toward somatic growth, while all other factors are even. Thus even though diet and feeding schedule were uniform throughout this study and HSB were communally reared, we cannot rule out that the largest HSB families may have had preferential feeding behavior or advantage within the population in addition to being genetically superior feed metabolizers, which would require further exploration.
Conclusions
Genetic effects for growth (weight and length) were observed in HSB. Differences in hepatic gene expression between large and small HSB after grow-out in communal ponds revealed that those genes involved in cellular and metabolic processes as well as immunity signify important differences. These differences may be at least in part explained by up-regulation of two growth-related genes. The differentially regulated genes might also suggest that these physiological processes as well as variation in feeding behavior may be at play, where fish from the largest HSB families may have been more active feeders or were better competitors for feed, even as fish were fed to apparent satiation twice daily. While this study was focused on mimicking typical stocking and grow-out conditions as would take place in an aquaculture production setting, future studies that focus on feeding behavior and/or specific feed rations in a controlled environment may explain even more of the variation observed in growth differences among HSB. 
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